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We report the discovery of a compressibility phase transition at 160 K in crystalline copolymer films of vinylidene fluoride (70%) with trifluoroethylene (30%). This phase transition is distinct from the known bulk ferroelectric-paraelectric phase transition at 353 K and surface ferroelectric phase transition at 295 K. The new phase transition is characterized by an increase in the effective Debye temperature from 48 to 245 K along the ͗010͘ direction as the temperature falls below 160 K. This phase transition is evident in neutron scattering, x-ray diffraction, angle-resolved photoemission, and in the dipole active phonon modes in electron energy-loss spectroscopy. Phase transitions in crystalline insulators and insulating polymers are rare, excluding ferroelectric and dipole transitions (such as charge transfer and dipole reorientation). The ferroelectric polymer poly(vinylidene fluoride), PVDF, and its copolymers with trifluoroethylene (TrFE), (CH 2 -CF 2 :CHF-CF 2 , 70%:30%), are good insulators with high dielectric strength and low loss [1, 2] . In the ferroelectric phase (T # 355 K for the bulk [2] ; T # 295 K for the surface [3] ), the copolymer P(VDF-TrFE, 70:30) is characterized, in electron spectroscopies, by a very low density of states at the Fermi level [3, 4] with no apparent Fermi level crossing of any sort [4] . The ferroelectric material is essentially a wide band gap n-type semiconductor [3] . Charge and orbital fluctuations [5] [6] [7] would appear to be very unlikely in this system with strong oriented dipoles and fully saturated nonconjugated bonds. Phase transitions in which the electronic structure is coupled to the dynamic motions of the lattice can leave a signature as a change in the lattice structure, the mean-square displacement of the atoms, the Debye temperature, a shift in the phonon modes, or the compressibility of the lattice. Such correlations between electronic structure and dynamic motions of the lattice are clearly evident in the manganese perovskites bulk transitions [8] . We find a lattice stiffening phase transition does occur, uniquely, for a wide band gap polymer system. This is evident in neutron diffraction and is not a ferroelectric transition.
The films of the P(VDF-TrFE, 70:30) copolymer were prepared using a horizontal Langmuir-Blodgett method [9, 10] . X-ray diffraction measurements (XRD) were performed on a Rigaku rotating anode source with Cu K a radiation ͑l 1.54 Å͒. The neutron diffraction measurements were taken with the HB1A diffractometer at the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory. The neutron energy is fixed at 14.718 meV. For both x-rays and neutrons, the data were taken from the ͗010͘ out of plane scans with the scattering vector perpendicular to the plane of the film, as indicated in the inset in Fig. 1 . The measurements reported here were performed on a 5 monolayer (ML) sample for XRD and 100 ML sample for neutron diffraction, though additional samples at different thicknesses were also studied. The angle-resolved photoemission spectroscopy (ARPES), on both 2 and 5 ML thick films, was undertaken at CAMD synchrotron facility. The 42 eV radiation was dispersed by a plane mirror grating monochromator beam line. All the films were annealed to improve crystallinity as described previously [3, 4] . The electron energy loss spectroscopy (EELS) was undertaken using an LK-2000 spectrometer. Thinner samples were essential for the electron spectroscopies to avoid excessive charging of the sample surface.
As seen in Fig. 1 , the integrated intensity of the diffracted ͗010͘ neutron peak varies substantially with temperature. As has been successfully undertaken previously [11] , we have fitted the intensity attenuation of the elastic peak to I͑T ͒ I 0 exp͓22W ͑T ͔͒, where W͑T ͒ is the Debye-Waller factor. Above 200 K the neutron data agree well with an effective Debye temperature of 48 6 2.4 K, while below 100 K the results are consistent with an effective Debye temperature of 250 6 12.5 K. Above 200 K the effective Debye temperature ͑48 6 2.4 K͒ is in better agreement with the effective Debye temperature for P(VDF-TrEF), determined from photoemission ͑53 6 11 K͒ [11] , than was the case for previous neutron scattering measurements [11] the phase transition at about 160 K). From the integrated intensity of the elastic peak in neutron scattering (indicated in the insets in Fig. 1 ), we can estimate the change in the mean-square displacement of the lattice across this transition at about 160 K, as seen in Fig. 2(a) . This indicates a dramatic decrease in compressibility and a stiffer lattice below about 160 K.
As shown in Figs. 2(b) , the amplitude in x-ray diffraction diminishes at (or very close to) 160 K. The width of this transition is very narrow, as can be seen by the small temperature range over which the drop in amplitude occurs. The XRD indicates that fluctuations in the electron cloud, normal to the film, are restricted to the vicinity of the transition where the change in the mean-square displacement of the lattice [ Fig. 2(a) ] is greatest.
The integrated intensity of the ͗010͘ x-ray peak, however, does not show a clear change in slope at 160 K and is consistent with the high temperature bulk Debye temperature of 250 K. This suggests that the electron cloud fluctuations normal to the film (but not necessarily inplane) are generally weak, except near the transition. The d spacing (given by the position of the ͗010͘ peak) varies linearly with temperature both in x-ray and neutron scattering as seen in Fig. 2(c tion may be a consequence of the different sample film thicknesses).
The bulk ferroelectric-paraelectric phase transition in P(VDF-TrFE) has long been associated with bulk structural changes and the appearance of piezoelectric and pyroelectric effects [12, 13] . The bulk ferroelectric b phase, occurring below 80 ± C for P(VDF-TrFE) is characterized by a structure where the polymer chains have alltrans conformation. Each monomer ͑CH 2 -CF 2 ͒ is aligned roughly perpendicular to the polymer chain and has its own permanent dipole moment, and normal to the surface [3, 4] (inset to Fig. 1) . A major conformational change of this ferroelectric b-phase structure at about 160 K can be precluded by the absence of a dramatic change in the d spacing in the vicinity of the transition [ Fig. 2(c) ]. An ordered conformational change would change the d spacing by 1% or more, which would be evident in Fig. 2(c) . The dielectric properties normal to the films show no significant change or anomaly, consistent with these postulates.
Dynamical Jahn-Teller distortions [14] are significant in the Na doped P(VDF-TrFE) [15] and may be applicable to the undoped system as well. Fluctuations that lead to charge inhomogeneties give rise to a large compressibility and a soft lattice in one-dimensional models [5, 6] basically the very soft lattice could have small variations of the on-site Coulomb interaction [6, 7] . This can occur for an insulating system. Charge and/or orbital ordering, that occurs as the Jahn-Teller modes are frozen out [6, 7] , along the chains of P(VDF-TrFE) could lead to an increase of the in-plane dielectric properties. This would not be apparent in the dielectric measurements and for scattering vectors normal to the film, but should be apparent in photoemission (apparent electron structure) and in the electron energy loss (the phonon modes).
We observe enhanced insulating properties in photoemission in the form of binding energy shifts of the valence bands. The shift of the valence bands in photoemission to higher binding energies is expected of final state effects [16] associated with an increasingly smaller in-plane electron screening parameter [17] or a surface photovoltage effect [17, 18] or an n-type semiconductor [such as P(VDFTrFE) [3] ]. Given that all the valence band peaks shift together and that there is no change in symmetry, initial state effects seem unlikely, but cannot be excluded, as there is a small shift in the unoccupied levels at this temperature [3, 4] . In Fig. 3 , we show the valence band photoemission for normal emission (zero in-plane wave vector, k k 0). The dramatic increase in the photoemission binding energies begins below 210 K. This is consistent with the onset (Fig. 1) , at the high temperature end, of the lattice stiffening transition at about 200 K. The small discrepancy in the onset in temperature between neutron scattering and photoemission data is likely due to the width of the transition   FIG. 3 . The angle-resolved valence band photoemission spectra taken at normal emission as a function of temperature from P(VDF-TrFE). The photon energy is 42 eV. and different sensitivities of the two methods, especially as surface contributions cannot be excluded from photoemission. In any case, the photoemission binding energy shifts to higher binding energies, that begin to occur with decreasing temperature, are quite distinct from the known surface and bulk ferroelectric phase transitions, as summarized in Fig. 4(b) .
The phase transition at about 160 K is also evident in EELS. EELS shows a dramatic increase, with decreasing temperature between 170 and 100 K, in the dipole active optical vibrational modes at about 450 and 1150 cm 21 discussed in detail elsewhere [19] . This is particularly true of the mode at 450 cm 21 , as plotted in Fig. 4(a) . The width of these dipole active optical modes also decreases with decreasing temperature between 170 and 100 K as indicated in Fig. 4(a) . This is consistent with a decrease in the mean square displacement of the dipoles and a lattice stiffening at about 160 K, as is most clearly indicated by the neutron scattering data (Fig. 1) .
Charge fluctuations near the 160 K compressibility transition are indicated by the intensity loss in XRD [ Fig. 2(b) ] that has no counterpart in the neutron diffraction intensity. Large, incoherent, charge fluctuations are certainly expected in the vicinity of a phase transition from Landau [20] . There is no reason why such fluctuations cannot occur on a length scale so small that there is little influence on the generally excellent insulating properties of this P(VDF-TrEF) copolymer material. Such phonon mediated charge fluctuations could be dramatically enhanced (or suppressed) in an excitation spectroscopy (such as photoemission) [21] .
A Jahn-Teller phonon mode coupled to local charge or orbital fluctuations [7, 8] seems a likely driving mechanism for this transition at about 160 K in our crystalline films of P(VDF-TrFE). We speculate that well below the lattice stiffening transition at about 160 K that change and/or orbital inhomogeneities locally order and freeze much like the orbital charge ordering observed in the manganites [7, 8] . Unfortunately, we do not have the data to distinguish between a change in the length scale or a change in the time scale of the postulated local chargeorbital ordering that occurs across this lattice stiffening transition in P(VDF-TrFE) at about 160 K.
The phase transition in P(VDF-TrFE) at 160 K is not driven by a traditional charge density wave. Coupled lattice distortions and changes in metallicity are well known for "one"-dimensional highly conjugated organic systems. Changes in the band structure and structure, with decreasing temperature, have been recently observed in TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodimethane) [22] and the Bechgaard salts [23] . These phase transitions are driven by strong electron-phonon coupling that affects the density of states near the Fermi energy. In fact, these Peierls-like phase transitions are driven by a decrease in the density of states near or close to the Fermi level with decreasing temperature and should be accompanied by a lattice distortion. This type of transition is not expected in a nonconjugated system like P(VDF-TrFE) with a low or nonexistent density of states near the Fermi level which exhibits a negligible change in the lattice along the ͗010͘ direction across the transition at 160 K.
In conclusion, we have found compelling evidence of a lattice stiffening transition at about 160 K in P(VDFTrFE) by four different techniques: neutron diffraction, x-ray diffraction, photoemission, and electron energy loss. Well above 160 K, we may have strong in-plane electron-phonon coupling (on a local length scale) in the absence of any appreciable density of states at or near the Fermi energy. Charge fluctuations certainly occur at the transition, as shown by x-ray scattering. The transition in Langmuir-Blodgett crystalline P(VDF-TrFE) at 160 K is novel in its behavior and distinct from most observed one-dimensional organic systems.
